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Although photovoltaic—electrochemical (PV-EC) water splitting is likely to be an
important and powerful tool to provide environmentally friendly hydrogen, most
developments in this field have been conducted on a laboratory scale so far.

In order for the technology to make a sizeable impact on the energy transition,
scaled up devices must be developed. Here a scalable (64 cm? aperture area)
artificial PV-EC device composed of triple-junction thin-film silicon solar cells
in conjunction with an electrodeposited bifunctional nickel iron molybdenum
water-splitting catalyst is shown. The device shows a solar to hydrogen effi-
ciency of up to 4.67% (5.33% active area, H, production rate of 1.26 pmol H,/s)
without bias assistance and wire connection and works for 30 min. The gas
separation is enabled by incorporating a membrane in a 3D printed device
frame. In addition, a wired small area device is also fabricated in order to show
the potential of the concept. The device is operated for 127 h and initially 7.7%
solar to hydrogen efficiency with a PV active area of 0.5 cm? is achieved.

1. Introduction

Solar powered water electrolysis is an attractive way of storing
chemical energy and of supplying green hydrogen for industry
as hydrogen is generated by using unlimited and clean solar
energy.!l Among the various pathways for implementation of
solar-hydrogen technologies, the usage of “photovoltaic—elec-
trochemical (PV-EC) devices,” which consist of a combina-
tion of the PV device as a power source and an electrocatalyst
for splitting water, can be one of the economical options to
generate sustainable hydrogen.?! In such an integrated PV-EC
device, charge carriers (i.e., electrons and holes) are generated

in the PV part and transferred to the elec-
trocatalyst to split water. Several PV-EC
devices have been developed using dif-
ferent types of PV technology, such as
crystalline silicon,?l CIGS,M ojrganic—
inorganic hybrid perovskite,® and mul-
tijunction solar cells®) as well as different
types of electrocatalyst. Although PV-EC
hydrogen production has been regarded
as a promising pathway in the field of
hydrogen technology, most of the research
has been carried out so far on a laboratory
scale (<1 cm?). Problems that arise when
scaling up PV-EC devices have hardly
been tackled up to date. Our group has
recently demonstrated a compact, scalable
PV-EC prototype device with an aperture
area of 64 cm?. The design uses two series
connected thin-film silicon a-Si:H/uc-Si:H
solar cells in conjunction with a nickel
foam electrocatalyst.”] Although the scalable concept represents
a critical step toward industrial application, the =3.9% solar-
to-hydrogen (STH) efficiency of the modules must be further
improved for successful commercial deployment.?d In addi-
tion, the concept needs to be extended to include integrated
gas management for the separate collection of hydrogen and
oxygen because gas mixture might cause efficiency loss from
the back reactions (i.e., hydrogen oxidation and oxygen reduc-
tion reaction) and danger of a gas explosion.[®l

In the present study, we demonstrate further development
of the PV-EC prototype,”! by tackling the challenges of both
low STH efficiency and lack of gas management. To increase
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the efficiency of water splitting, we adapted the PV part of the
device to the needs of the EC part by using efficient triple-junc-
tion solar cells based on an a-Si:H/a-Si:H/uc-Si:H layer stack
as it has already been done for small (0.5 cm?)®! and prototype
(64 cm?)1% scale devices. The introduction of a triple-junction
Si solar cell offers the possibility of manufacturing a self-
contained base unit without the need for additional series inter-
connection, which is normally required when using single- or
double-junction solar cells.”) This saves costs and increases the
PV active area, as the interconnection creates a dead area.'l
Additionally, we developed a bifunctional NiFeMo water-
splitting catalyst prepared by electrodeposition. The bifunctional
catalysts enable the PV-EC system to get rid of the need for
two different catalyst materials for the anode and cathode side,
which offers the potential for lower costs of catalyst production
and system configuration.!'”l Moreover, we have developed a 3D
printed frame, on which the gas separation membrane, the PV
module, and the catalysts can be mounted. In addition, the gas
and electrolyte management of the modules, including the
gas separation, was implemented in the frame of the modules
that would prevent undesired side reaction and explosion. The
upscaled PV-EC device yields a STH efficiency of 4.67% with
PV aperture area of 64 cm? (5.33% on the PV active area of
56 cm?) but failed after 30 min. However, the failure was due
to the use of improper supporting components (e.g., unsuitable
adhesive between device body and back cover glass) and unfa-
vorable design of the gas separation (e.g., curved structure of
the membrane) in the integrated device rather than degradation
of the photovoltaic part or the catalysts. Therefore, we believe
that our scalable device concept can also achieve a high level of
stability if the aforementioned problems are addressed.

2. Result and Discussion

2.1. Preparation of Triple-Junction Thin-Film Si Solar Cells

Many research groups have extensively investigated the appli-
cation of multijunction cell structures consisting of vertically

a) Light lllumination
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integrated amorphous (a-Si) and microcrystalline (uc-Si) layers
for solar water splitting.'¥] Such a vertically integrated mul-
tijunction structure provides an advantage of an open-circuit
voltage in a wide range from 1.5 to 2.8 V that is high enough
to split water®!%®! (thermodynamic water-splitting potential;
AEgermo = 1.23 V). Therefore, the multijunction structure does
not need a lateral series connection of subcells, which is a gen-
eral approach to generate an affordable voltage in the PV-based
spontaneous water-splitting system.>° In the present work, we
have used triple-junction a-Si:H/a-Si:H/uc-Si:H solar cells for
the integrated solar water-splitting device since a previous report
shows best STH efficiency of 9.5% for thin-film silicon solar
cells in this configuration due to maximum utilization of the sun
spectrum under the constraint of the need for voltages > 1.6 V.1

Figure 1a shows the schematic structure of a triple-junction
solar cell, as investigated in the present study. We prepared three
types of samples, “sample A (2.25 cm? active area)” without
intermediate reflecting (IR) layer and “sample B (2.25 cm?
active area)” and “sample C (0.5 cm? active area)” with n-type
ue-SiO,:H IR layer between the middle and the bottom cell to
reduce the current mismatch between the subcells and thus
increase the total current of the device.¥ The I-V character-
istic of the solar cells is shown in Figure 1b (PV parameters of
three types of samples can be found in Table S1, Supporting
Information). The average value of solar to electricity conversion
efficiency of the “sample B” (10.83%) and “sample C” (10.87%)
could be increased compared to that of “sample A’ (9.47%). A
significant increase in the current density (from 6.41 to 7.29 and
721 mA cm™2, respectively) seems to be the main reason for the
enhancement of cell efficiency, which was achieved by intro-
ducing an IR layer. The open-circuit voltage V,, of the devices is
almost identical (2.14 vs 2.15-2.16 V).

2.2. Development of Electrodeposited Bifunctional
NiFeMo Water-Splitting Catalyst

The efficient catalysts are required to accelerate the slow
electron-transfer processes during water splitting. Although
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Figure 1. Characteristics of triple-junction a-Si:H/a-Si:H/uc-Si:H solar cell. a) Schematic image of the triple-junction a-Si:H/a-Si:H/uc-Si:H solar cell in
a superstrate configuration. b) -V characteristics of samples prepared without intermediate reflecting (IR) layer (sample A) and with IR layer (sample
B and C). After introducing an IR layer, the current density was increased from 6.41 mA cm™ (sample A; 2.25 cm? without IR layer) to 7.29 mA cm™2
(sample B; 2.25 cm? with IR layer) and 7.21 mA cm~2 (sample C; 0.5 cm? with IR layer), resulting in an increase of the average value of solar to electricity
conversion efficiency from 9.47% (sample A) to 10.83% (sample B) and 10.87% (sample C).
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Figure 2. Electrochemical characterization of bifunctional NiFeMo electrocatalyst. a) Schematic illustration of the electrodeposition method for the
preparation of NiFeMo catalyst. ED indicates electrodeposition. b—d) Linear sweep voltammetry (LSV) curves of Bare_NF (bare nickel foam), NiFeMo,
NiFe, NiMo, and FeMo for different reaction modes: b) Oxygen evolution reaction (OER), c) Hydrogen evolution reaction (HER), d) Overall water split-
ting using each material as a bifunctional electrocatalyst in a two-electrode configuration. Notably, all the catalysts are prepared on NF. e) Comparison
of overpotential with prepared samples at a current density / = 50 mA cm™2. f) Chronoamperometry measurement of water-splitting employing NiFeMo
as a bifunctional catalyst in a two-electrode system under an applied voltage of 1.7 V. All tests were conducted in 1.0 M KOH at room temperature.

noble metals and their compounds (e.g., Pt-group metals for
hydrogen evolution reaction (HER) and IrO,, RuO, for oxygen
evolution reaction (OER)) are typically used as the benchmark
electrocatalysts,™ their high price and scarcity could lead to
considerable obstacles for the large technological implementa-
tion of water electrolysis systems for energy storage.l®l In order
to find alternatives to the use of precious metal-based catalysts,
considerable research has been undertaken into the develop-
ment of electrocatalysts in the alkaline electrolyte that provides
an opportunity to use earth-abundant materials (e.g., Ni, Co,
Mo, etc., and their compounds/mixture).'2><10 n this study,
we successfully developed an electrodeposited bifunctional elec-
trocatalyst consisting of a NiFeMo compound for alkaline water
electrolysis, which was inspired by previous research.l012215217]

A schematic illustration of the electrodeposition pro-
cess is presented in Figure 2a. Trimetal NiFeMo catalysts
(or other bimetallic samples; NiFe, NiMo, FeMo) were pre-
pared on a nickel foam (NF) substrate. We decided to use
NF in this stage due to its high surface area.l'® The deposi-
tion takes place in an ammonia solution consisting of 2.4 m
NiSO,-6H,0, 0.6 M FeSO,-6H,0, 0.2 M Na,MoO,-2H,0, and
0.3 M Na3CgHs0,-2H,0 at a continuous cathodic current of
-160 mA cm™ in a two-electrode configuration. For compar-
ison, bimetallic samples (NiFe, NiMo, FeMo) were prepared
in a similar manner. More details are provided in the Experi-
mental Section of the Supporting Information. To investigate

Adv. Sustainable Syst. 2020, 4, 2000070 2000070 (3 0f9)

the electrocatalytic properties of the as-prepared samples
and to find optimized preparation conditions, linear sweep
voltammetry (LSV) measurements were performed with the
different samples in a three-electrode (for OER and HER) and
a two-electrode configuration (overall water splitting) at a scan
rate of 10 mV s7%. First, we varied the electrodeposition time
for the NiFeMo trimetal catalyst to find empirically the optimal
conditions for overall water splitting (see Figure S1, Supporting
Information). Figure S1 (Supporting Information) shows the
average overpotentials at a current density of 50 mA cm™ as
a function of the electrodeposition time for a) OER, b) HER,
and c) overall reaction. Note that the potential at 50 mA cm™
was chosen for the more reliable comparison between elec-
trocatalysts since capacitance peaks (e.g., metal oxidation)
were observed before reaching at water-splitting potential in
Figure 2. Although the optimal deposition times for each half
reaction are different (3 min for OER a) and 5 min for HER b))
we selected samples with 5 min deposition time for the inte-
gration into PV-EC devices, since the overall reaction c) per-
forms best at 5 min. For the comparison, bimetallic samples
(NiFe, NiMo, FeMo) were also prepared with a similar process;
at the same time (5 min) with different precursor solution (see
Figure S2 and Table S2, Supporting Information). The current
density was found to depend on the catalyst deposition time.
This phenomenon can be elucidated by a catalyst loading-
activity relationship.’™ In particular, a better (or similar)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Comparison of the composition of bifunctional NiFeMo catalysts; a) as prepared, b) after OER (LSV measurement), and c) after HER (LSV
measurement). The arrangement of images in each subsection is in the following order (from left to right); SEM image, EDS images for the mixture,
Ni, Fe, and Mo. The rearrangement of the catalyst elements was observed after water-splitting reaction, implying real active sites in the water splitting

might be different compared to as-prepared states.

performance was found with increasing deposition time up to
5 min (see Figure S1, Supporting Information), while the films
with thickness above the optimum (deposition times > 5 min)
do not guarantee higher activity than thinner films (deposition
times <5 min). Probably the increased series resistance hinders
charge transport during water splitting. Figure 2b—d shows the
representative polarization curves for the different catalysts
in the OER (Figure 2b), HER (Figure 2c), and overall reaction
(Figure 2d). Additionally, the overall reaction overpotential at a
current density of 50 mA cm™ is plotted in Figure 2e. Among
all samples, trimetal NiFeMo exhibits the lowest overpotential
value of 0.62 V, which is considerably lower than that of the
bare sample (=1.1 V), but also slightly lower than those of the
bimetallic samples (=0.7-0.74 V). A measurement of the sta-
bility (Figure 2f) in a continued chronoamperometry test at
1.7 V, which is positioned at near maximum power point Vi,
of PV, for 10 h shows almost no degradation.

Figure 3a shows a large area scanning electron microscope
(SEM) image and corresponding energy dispersive X-ray spec-
trometer (EDX) elemental mapping in which all the elements
are quite uniformly distributed over hundreds of micrometers.
Interestingly, the different elemental distributions of Ni, Fe,
and Mo are clearly observed for the samples before and after
reactions (Figure 3b,c). Note that EDX spectrums are measured

Adv. Sustainable Syst. 2020, 4, 2000070 2000070 (4 of 9)

at 4 different points before and after reactions (Figures S3-S5,
Supporting Information) where the different peaks of Ni, Fe,
and Mo are well separated in the spectrums.[V%?% In the case of
OER, the dominant distribution of Fe and Mo is clearly distinc-
tive in EDX element mapping images. On the other hand, ele-
mental Ni was found to be dominant after HER in which Fe and
Mo seem to have disappeared (or reduced). The rearrangement
of the catalyst elements after both reactions can be elucidated by
a field-induced cation migration or a dissolution—precipitation
mechanism.?!l These results imply real active sites involved in
water-splitting reaction would be different from the as-prepared
state while keeping the activities stable.

Grazing incidence X-ray diffraction (GIXRD) was analyzed
as seen in Figure S6 (Supporting Information) for as-prepared
NiFeMo and samples after both reactions (OER and HER). All
the samples measured with an incident angle of 2°, and even
with a significantly lower angle of 0.1°, show no distinct peaks
apart from the Ni substrate peaks.[?Zl The coexistence of Ni, Fe,
and Mo was confirmed by surface-sensitive X-ray photoelectron
spectroscopy (XPS) measurement (Figures S7-S10, Supporting
Information). All the elements were mostly found to be in a
high oxidation state for the Ni (2+), Fe (3+), and Mo (6+), even in
the as-prepared sample. Combining the XPS data with GIXRD
results, we assume an amorphous structure of Ni, Fe, and Mo is

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Wired PV—EC device on small area (PV: 0.5 cm? as the photoactive area, EC: both 0.5 cm?). The schematic a) plain and b) cross-sectional
view of PV-EC device and c) corresponding photograph of the lab scaled device where bifunctional NiFeMo catalysts (on both OER and HER side) were
placed side-by-side on the back side of the triple-junction Si solar cell. AZO and FTO indicate aluminum doped ZnO (ZnO:Al) and fluorine doped tin
oxide (SnO,:F), respectively. Block diagram of the PV-EC device as described in (c) and different operation modes for d) PV, e) EC, and f) combined
PV-EC. Characterization of small area PV-EC device. g) |-V characteristics of PV and EC cell in a two-electrode system. h) Chronoamperometry of
PV-EC device under bias-free (V= 0) condition. Inset image represents a photograph of PV—EC device after continuous =127 h reaction. All tests were

conducted in 1.0 M KOH at room temperature.

distributed in the samples. The amorphous phase might be one
of the reasons for enhancing the performance of the water-split-
ting reaction since numerous defects could become active sites
in the reaction.[2423] Further investigations would be required to
understand the detailed relationship between mixed metals and
their oxidation states, which would be required to reach firm
conclusions about the nature of the active sites involved in the
water-splitting reaction.

2.3. Wired PV-EC Device on Small Area (PV: 0.5 cm?
as the Photoactive Area, EC: Both 0.5 cm?, Ratio of PV
to OER Catalyst and PV to HER Catalyst: 1)

Before the development of the upscaled device, small area
PV-EC devices were fabricated, which consist of one base unit
of the upscaled device. A triple-junction a-Si:H/a-Si:H/uc-Si:H
solar cell and a bifunctional NiFeMo water-splitting catalyst were
combined in a lateral side-by-side configuration for the base
unit. The schematics in different views (plain (Figure 4a) and

Adv. Sustainable Syst. 2020, 4, 2000070 2000070 (5 of 9)

cross-sectional (Figure 4b)) and photograph (Figure 4c) of the
integrated PV-EC device are provided in Figure 4a—c, respec-
tively. Superstrate configuration of solar cells provides a better
light absorbing path without inevitable loss from interruption
of catalysts and bubbles, which are issues that commonly used
water-splitting systems are facing.'3$24 Wires (used here only
to measure the current and voltages of PV and EC, separately)
were connected to the contacts of the PV cell by fixing them with
copper tape and to the contacts of the EC cell by soldering with
tin. We made separate contacts of the PV part and the EC part
to allow for individual measurement of the I/ V-characteristics.
Figure 4d—f shows the illustration images of the block dia-
gram with the different operation mode of the PV-EC device,
thereby, both current and voltage can be measured in this con-
figuration. The performance of an integrated PV-EC device
fixed into a well-sealed polyether ether ketone (PEEK) device
holder was evaluated (see Figure S12b, Supporting Informa-
tion). The individual -V curves of PV and EC are shown in
Figure 4g. The PV delivers an open-circuit voltage V,. of about
2.16 V and a voltage at the maximum power point Vi, of about

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1.72 V, which is sufficiently high to enable bias-free water split-
ting. The intersection point, where both I-V curves of PV and
EC meet, is considered as the operation current of the integrated
PV-EC device without any assistance of bias. The intersection
point is located at a current of —3.2 mA, corresponding to an
active area STH efficiency of 7.87% (calculated with Equation
(S1), see the Supporting Information). Here, we have used the
photoactive area (left-hand side, 0.5 cm?) not considering anode
dead area (right-hand side) where front- and back-contacts are
deliberately shorted. The operation current of an integrated PV—
EC device was continuously monitored over 127 h and plotted
in Figure 4h. The average STH efficiency for the first 1 h was
determined to be 772%, which is in good agreement with the
predicted value of 7.87%. The performance gradually degraded
over 18 h. After removing the electrolyte, the -V character-
istic of the PV part was measured. Although both current and
voltage of the PV part are not far from the original values, a sig-
nificant reduction of the fill factor was observed (see Figure 4g),
which can be linked to the light instability of amorphous thin-
film Si (Staebler-Wronski effect).”) The measurement was
resumed with a refreshed electrolyte, and operation current was
partially recovered and then gradually decreased until the device
failed. Around 6.4% STH efficiency was achieved after 100 h
(calculated from the average current for 1 h; 99-100 h) with 17%
decrease from the initial value. Previously it was shown that
=100 h continuous light illumination induces degradation of
~12% in solar to electricity conversion efficiency of triple-junc-
tion a-Si:H/a-Si:H/uc-Si:H solar cell,?®! which can be a primary
factor for the degradation of the integrated PV-EC device. Addi-
tionally, an increase in the coupling losses (e.g., wire and con-
tact resistances) or partial degradation of the catalysts during
the reaction may lead to the STH efficiency decrease. Beside
that, mass transport limitation cannot be ruled out in the device
performance.”’! Tonic concentration gradient can be possibly
formed during operation since we have used 1 M KOH solution
that is not sufficient compared to highly concentrated solution
(6 M KOH) used in commercial electrolyzers. The device fully
failed after around 127 h. Probably the epoxy was not stable for
such a prolonged time, enabling hydroxide ion permeation to
the silicon layer (see the inset in Figure 4h).

2.4. Wireless PV-EC Device in a Prototype Scale (PV: 64 cm?
Aperture Area, 56 cm? Active Area, EC: Both 26.1 cm?, Ratio
of PV to OER Catalyst and PV to HER Catalyst: 2.15)

The upscaled PV-EC device concept was realized in a 3D
printed frame made of Digital ABS Plus material, which acts
as a support for the PV module, the catalysts, and the mem-
brane (see Figure 5b). The use of the membrane inhibits poten-
tial losses from back reactions, such as hydrogen oxidation and
oxygen reduction reaction.®d The risk of explosion from the
accumulation of gas mixture can also be prevented by intro-
ducing a membrane.® In addition, gas management is imple-
mented in the frame by several gas pipes. Both chamber types
are additionally connected to the outside to allow a separate col-
lection of the gases. Furthermore, pipes at the bottom of the
frame can be used to replace used electrolyte. For the upscaled
device, according to the previous approaches,!! we introduced
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nickel sheets (NS) as a substrate for the catalyst in contrast to
the NF used for the catalyst development and the small area
devices. While NS has a drawback of smaller surface area, it
has the advantage of being impermeable. Thus, the PV module
is completely protected against corrosion from the alkaline elec-
trolyte (see Figure 5a), while they are still in thermal contact.
Allowing heat exchange between PV part and EC part, which
we assume to be the case in our setup, can be beneficial in real
applications regarding the STH efficiency.?®! Detailed informa-
tion in terms of preparation procedure and dimensions can be
found in the Supporting Information.

Figure 5a shows a schematic illustration of the upscaled
PV-EC device. The base unit, which was introduced in the
section of the small scale device (represented in the dashed
box), is continuously repeated to cover larger areas. Seven
adjoining base units consisting of triple-junction a-Si:H/a-
Si:H/uc-Si:H solar cells and bifunctional NiFeMo water-
splitting catalyst were used. The upscaled wireless PV-EC
device cannot be explored by measuring the current for the
calculation of STH efficiency. To evaluate the performance
of the device, the produced amount of hydrogen and oxygen
was monitored over time instead of monitoring the current.
Figure 5e shows the collected gas volume over time for H,,
O,, and for the total volume. The upscaled PV-EC device
yields a STH efficiency of up to 4.67% (5.33% active area) for
the first 10 min (volume change was monitored after 5 min
stabilization). Note that the collected gas was converted to
STH efliciency using Equation (S2) (see the Supporting Infor-
mation). Figure 5f shows the H, production rate and STH
efficiency calculated by both total and H, gas. It is noteworthy
that the STH efficiency calculated based on the total gas rate
decreases much slower than that calculated based on the H,
production rate. This is a clear indication for a gas crossover
between the OER and the HER chambers (some H, moves
to O, part). The crossover might be a result of an imperfect
working anion exchange membrane due to the curved appli-
cation and/or instability in the applied epoxy that glues the
membranes to the 3D printed frame. The ratio of H, to O,
is shown in Figure 5g. The gas ratio at the first 10 min was
found to be =2.18, instead of the ideal value of 2. It can be
assumed that the surface state of the catalyst does not reach
a steady state (e.g., redox reaction, dissolution, electromigra-
tion, etc.) although we measured the gas volume after 5 min
of stabilization.?!#?% The gradual decrease observed in the
ratio (from =2.18 to =1.89) can also be linked to the gas cross
over mentioned above. Unfortunately, after 30 min of opera-
tion, the device failed due to a detachment of the plexiglass
cover. Further improvements in the selection of adhesives as
well as in the application of the anion exchange membrane
are needed in order to improve the device stability. Neverthe-
less, we realized an increase of efficiency of around 16.5%
compared to our previous result (=3.9%),”l where two a-Si:H/
pc-Si:H tandem solar cells serially connected together with
bare NF as the catalyst were used. The enhancement of the
efficiency can be ascribed to a better matching of the char-
acteristics of the PV part and the EC part. In addition, an
increase of the total active area (56 vs 52.8 cm?) for a given
total aperture area (64 cm?) by reducing the number of base
units (reducing the number of inactive anode contacts) can

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Wireless PV—EC device in a prototype scale (PV: 64 cm? aperture area, 56 cm? active area, EC: both 26.1 cm?). a) Schematic illustration of an
upscaled PV-EC device as used in this study. AZO and FTO indicate aluminum doped ZnO (ZnO:Al) and fluorine doped tin oxide (SnO,:F), respec-
tively. b) Drawing of the 3D printed frame used to hold the catalysts, the solar module, and the membranes. Additionally, the frame is used for gas
management. c,d) Photographs of upscaled PV-EC prototype device; c) front side view (PV side), d) back side view (EC side) after integration of cata-
lyst, membrane, and cover glass. e-g) Characterization of upscaled PV-EC device (direct gas measurement was conducted to evaluate STH efficiency
instead of monitoring the operation current (I,;) since I, cannot be measured in the absence of wires); The measurement error was estimated to be
+0.5 mL. e) Collected gas (H,, O,, and total) volume, f) Corresponding solar to hydrogen (STH) efficiency, and g) Ratio of H, to O, as a function of time.

be one of the reasons for the improvement of STH efficiency.
Although the laser-generated anode connection has only a
width of =100 um, we need a much wider area for the anode
contact (=2 mm) due to the manual deposition of the metal
filled epoxy, which connects the anode contact to the OER
catalyst. Thus, there is still room for improvement of the STH
efficiency by further optimizing the device manufacturing
processes by using, e.g., more precise deposition techniques
like inkjet printing or computer-controlled dispensing.

3. Conclusion

In this study, we successfully introduced a scalable photovoltaic—
electrochemical device that incorporates gas separation and gas
handling. As a power source, triple-junction thin-film silicon
solar cells were used. This type of solar cells offers almost perfect

Adv. Sustainable Syst. 2020, 4, 2000070 2000070 (7 0f9)

voltage matching to highly active catalysts without the need for
lateral series connection or even external bias. By introducing
an intermediate reflecting layer into the solar device, the current
density was increased from 6.41 to 729 mA cm™ To achieve
high STH efficiencies, we additionally developed stable bifunc-
tional (OER and HER) NiFeMo water-splitting catalysts made of
inexpensive earth-abundant materials that we prepared by elec-
trodeposition. Besides being a cost-effective route of electrodep-
osition for the sample preparation, the bifunctional property can
additionally lower the cost of a PV-EC system, since it can be
used with one type of catalyst in the same electrolyte.

By combining the triple-junction thin-film silicon solar cell
with the bifunctional NiFeMo catalyst, an integrated PV-EC
device with an active area of 0.5 cm? was realized. The device
had an initial STH efficiency of =77%. After 100 h of opera-
tion, the STH efficiency was reduced by 17% (STH efficiency
from 772% to 6.40%). Here the efficiency decrease might result
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from a combination of the light induced degradation (Stae-
bler-Wronsky effect) of the amorphous silicon layers in the
solar cell, increasing coupling losses (e.g., wire and contact
resistances), and partial degradation of the catalysts during
the water-splitting reaction. Finally, an upscaled device with an
aperture area of 64 cm? was realized. Here a 3D printed frame
was used acting as a support for the PV module, the catalysts,
and the membrane. In addition, gas management and gas han-
dling were realized in the frame. The upscaled device yields an
STH efficiency of 4.67% (5.33% for the active area) during the
first 10 min under bias-free condition.
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